. Element-based prognostics of occupational pneumoconiosis using micro-proton-induced X-ray emission analysis.
INTRODUCTION
Pneumoconiosis is a lung disease caused by the accumulation of inhaled inorganic dust and subsequent lung inflammation or fibrosis due to inadequate workplace protection. The dust may consist of a variety of minerals such as silica, aluminosilicate, and insoluble mixtures of metallic compounds (4, 5, 30) . Occupational and environmental lung diseases still remain major causes of pulmonary impairment worldwide. According to the World Health Organization, pneumoconioses resulted in an estimated 30,000 deaths and almost 1.2 million disability-adjusted life years attributable to occupational airborne particulates globally (11) . In China, more than 110,000 pneumoconiosis cases were newly diagnosed from 2007 to 2012 in patients whose occupations included coal worker, welder, founder, etc. New cases per year increased from 10,963 cases in 2007 to 26,873 cases in 2014 (31) (7) .
Occupational history, chest radiographs, and pathological examinations are critical for the diagnosis of pneumoconiosis. The chemophysiological properties of inhaled particulates can result in varying inflammatory responses and fibrogenic activities, leading to different prognoses. At least 12 kinds of occupational pneumoconiosis have been legally described by the Ministry of Health of China. For example, silica (20) and asbestos (17) can cause progressive massive fibrosis, leading to lung function impairment and death. Respirable silica and silicates (10) were associated with rapidly progressive pneumoconiosis in U.S. coal workers. Beryllium is also reported to result in poor prognosis (13) .
Unfortunately, obtaining accurate occupational history is sometimes difficult due to job changes, mixed exposures, or problems with poor reporting or recordkeeping. Moreover, routine pathological examinations for pneumoconiosis such as histology, polarizing microscopic observation of mineral crystal, and iron staining of biopsy tissue sections provide rather limited information about the chemical features of the inhaled dust (19) . Precise determination of chemical features will benefit both diagnosis and prognostic prediction.
Micro-proton-induced X-ray emission (micro-PIXE) analysis has reportedly been used in the examination of elemental behavior in complicated structures such as human tissue sections (25) and provides elemental composition and trace concentrations for most elements (Z Ն 12) with high sensitivity (ϳppm). It can also provide two-dimensional (2-D) elemental mapping, which is suitable for discriminating the elemental composition of particulates deposited in lung tissue sections. In this study, we evaluated the prognosis of typical welders' and coal miners' pneumoconiosis by chest radiographs and lung function tests over 5 year of follow-up care and determined the exact chemical element composition and localization of inhaled dust in lung tissue sections using micro-PIXE analysis and Rutherford backscattering spectrometry. The relationship between particulates' elemental compositions and patient prognosis was investigated.
MATERIALS AND METHODS
Study population and procedures. The patients in this study were drawn from the archives of pneumoconiosis diagnoses in Shanghai Pulmonary Hospital. Of the 184 welders and 66 coal miners who were newly diagnosed with pneumoconiosis from 2004 to 2010, only 45 welders and 14 coal miners met all of the following criteria: 1) digital radiographic images of the chest available for the time of diagnosis and 5-yr follow-up; 2) underwent transbronchoscopic lung biopsy (TBLB) and had at least two TBLB samples (from anterior and lateral basal segments of the right lower lobe) available; and 3) had complete lung function test follow-up records for Ն5 yr. To investigate the precise contribution of inhaled particles, patients with any complications of chronic obstructive pulmonary disease (COPD), tuberculosis, asthma, or cardiopulmonary dysfunction in their anamneses were excluded; this left 25 welders (11 with COPD, 5 with tuberculosis, 2 with asthma, and 1 with cardiopulmonary dysfunction were excluded) and six coal miners (4 with COPD, 3 with tuberculosis, and 1 with asthma were excluded). All six coal miners were enrolled in the study, and six welders were selected by matched case control sampling, with sex (male vs. male) and age (45.0 Ϯ 3.5 vs. 47.0 Ϯ 4.6, P ϭ 0.42) as matching variables. This study was approved by the Ethics Committee of Shanghai Pulmonary Hospital. Written, informed consent was obtained from all participants.
Chest radiograph, lung function measurement, and follow-up. The enrolled patients were subjected to digital X-ray chest imaging and lung function tests every 1 to 2 yr. Chest radiographs were reviewed independently by three qualified experts and categorized using the International Labour Organization (ILO) International Classification of Radiographs of Pneumoconioses, Revised Edition (2011) (15) . Parenchymal abnormalities included both small opacities (round: p, q, r; irregular: s, t, u) and large opacities. Profusion was classified into one of four ordered categories and 12 subcategories by comparison with standard radiographs. The overall profusion of small opacities was determined according to 12-point ILO profusion scores by considering profusion as a whole over affected zones of the lungs.
Lung function tests were performed using a spirometer (Masterscreen-PFT; Jaeger, Hoechberg, Germany). A minimum of three satisfactory forced expiratory maneuvers were undertaken for each patient. Percent vital capacity (%VC), forced expiratory volume in the 1st second/forced vital capacity (FEV1.0/FVC), and percent diffusing capacity of the lungs for carbon monoxide (%DL CO) were measured.
Hematoxylin and eosin staining, iron staining, and grading of pulmonary fibrosis. Three serial 6-m sections were cut from the paraffin-embedded lung tissue blocks. One section was used for hematoxylin and eosin staining and one for iron staining. The third section was adhered to mylar film by heating at 60°C for half an hour; the wax was washed three times with xylene and then subjected to micro-PIXE analysis. hematoxylin and eosin staining and Perls' Prussian blue staining for iron were performed according to a published protocol (26) , and the sections were observed under an Olympus BX51 microscope with polarized accessories.
The severity of pulmonary fibrosis for biopsy sections was graded on a scale of zero to eight according to the previously published grading system by Ashcroft et al. (1) . A greater score indicates more severe fibrosis. The grading for each sample was determined separately by two pathologists and arbitrated by a third senior pathologist, and the score for each patient was the rounded average of two or three tissue blocks.
Micro-PIXE analysis. Elemental analysis was performed at the National University of Singapore Research Centre for Nuclear Microscopy (24) using a 2.1-MeV proton beam from a 3.5-MeV highbrightness High Voltage Engineering Europa Singletron ion accelerator, which was focused to a 2-m spot size. Three complementary ion beam techniques were simultaneously applied: 1) micro-PIXE was used to measure the concentrations of elements such as Al, Si, and those above them in the periodic table, and a lithium-drifted silicon X-ray detector was placed at 45°to the beam axis and fitted with a 300-m Perspex filter with a central hole of 1 mm in diameter; 2) Rutherford backscattering spectrometry (RBS) provided information on matrix composition and incident charge, was used to extract quantitative results in conjunction with PIXE, and was also used to determine the 2-D distribution of carbon; 3) off-axis scanning transmission ion microscopy (STIM) provided information on the structure and density distribution of the sample and facilitated positioning of the unstained sections before analysis. Three TBLB samples of idiopathic pulmonary fibrosis with no smoking history were used as the control group for baseline measurements, as a diagnosis of idiopathic pulmonary fibrosis excludes environmental dust or drugs as causes.
Statistical analysis. Statistical analyses were performed with SPSS 17.0 software (SPSS, Chicago, IL). Statistical differences in element concentrations between the two groups were calculated using the nonparametric Wilcoxon Mann-Whitney U-test. Pearson's or Spearman's correlation was used to evaluate the correlation coefficient of the two groups for continuous or discrete variables, respectively. Multivariate linear regression was used to model the effects of elements on the prognosis of the patients. The level of significance was defined as a P value of Ͻ0.05.
RESULTS

Demographic information and occupational history of the patients with pneumoconiosis.
All of the 12 patients with pneumoconiosis were male, ranging from 39 to 54 yr old. According to their occupational history, six patients had had long-term exposure to welding dust while working as welders. Patient no. 2 and patient no. 3 utilized mainly manual arc welding, whereas the others utilized carbon dioxide-shielded welding. The average exposure duration was 17.2 Ϯ 7.1 yr. The other six patients were diagnosed with coal miner's pneumoconiosis and had been exposed to coal dust in coal mines for 14.8 Ϯ 5.2 yr on average. All patients had a history of smoking before diagnosis; five quit smoking completely during treatment, and the others smoked less or occasionally. Detailed occupational histories and smoking indexes for all patients are listed in Table 1 .
Chest radiograph and lung function parameters of patients with pneumoconiosis over 5-yr follow-up. Chest radiographs are commonly used to evaluate the progression of pneumoconiosis. Radiographic findings from these 12 patients at the initial diagnosis and at 5-yr follow-up are shown in Table 2 . None of the patients had large opacities, although three of the six coal miners had aggregation of small opacities at the initial diagnosis. After 5 yr, affected zones decreased in three of the six welder patients, and overall profusion decreased in two cases according to the 12-point ILO profusion scores. In contrast, affected zones increased in five of six coal miner patients, of which overall profusion increased in three cases. Radiographs for representative patients with stable or changed profusion scores are presented in Fig. 1A . Changes in radiograph findings were limited, with only one subcategory ascending or descending after 5 yr.
Progressive impairment of lung function is a key feature in the prognosis of patients with pneumoconiosis (6), especially for silicosis (14) . We also examined lung function parameters (LFPs) for all patients at the 5-yr follow-up. Ratios of LFPs in the 5th yr to values from the initial diagnoses were used to assess the progressive impairment of lung function. The ratios of %VC, FEV1.0/FVC, and %DL CO did not decrease significantly in the welder's pneumoconiosis, but the ratios of %VC and FEV1.0/FVC did decrease significantly in the coal miner's pneumoconiosis (Fig. 1B) . The ratios of %VC and FEV1.0/ FVC are significantly correlated to variation in the ILO overall profusion score (%VC: Spearman ϭ Ϫ0.635, P ϭ 0.027; FEV1.0/FVC: Spearman ϭ Ϫ0.741, P ϭ 0.006). For deteriorated but not alleviated cases, radiographs showed visible signs corresponding to decreased %VC and FEV1.0/FVC (Fig.  1C) . Compared with the graded ILO subcategories of chest radiographs, LFPs (%VC and FEV1.0/FVC) are subtle and more apt to reflect aggravation of the pneumoconiosis. The differences in prognosis between welders and coal miners suggest that the type of inhaled dust may result in divergent progression of the disease.
Pathologic examination and micro-PIXE analysis for patients exposed to welding dust. Lung samples for all six welder patients were positive for iron staining upon regular pathological examination, and three of them were also positive under polarizing microscopy ( Fig. 2A) . To explore the characteristics of inhaled particulates in the lung biopsy samples, we performed PIXE analysis on the sections. In contrast to conven- ILO, International Labour Organization. A, at the time of initial diagnosis; B, at the time after 5-yr follow-up. Small, rounded opacities are as follows: p, Յ1.5 mm; q, Ͼ1.5 and Յ3 mm; r, Ͼ3 and Յ10 mm. Large opacity: the longest dimension Ͼ10 mm; all patients were without large opacities. *Changed score. tional pathological examination, PIXE analysis provided more information on elemental content and distribution in the sections (Fig. 2, B and C) . The carbon element for each section was determined by RBS and indicated as the carbon content per dry weight (%). With 2-D elemental mapping (Fig. 2, C and D) , the colocalization of elements suggests the composition of the particular inhaled particulates. At least three kinds of particulates could be discriminated in the tissue. The most abundant particulates were composed of Fe, Mn, and Ti (metallic oxides). These are major components in welding fumes (18) , and our results indicate that this kind of particulate is predominant in patients with welder's pneumoconiosis. The other two kinds of particulates, composed of Si, Al, and Ca (aluminum silicate) or only Si (SiO 2 ), were much less abundant.
Overall, Fe, Al, Si, Mn, Ti, Cu, Zn, Br, P, S, and C element contents were significantly increased in welder's pneumoconiosis compared with the control group, demonstrating the complex elemental composition of inhaled welding dust (Fig. 2E) . Interestingly, Mn was found to be uniquely higher in all patients with welder's pneumoconiosis but undetectable in coal miner's pneumoconiosis (Fig. 2F) . Meanwhile, Mn colocalized with Fe and presented a positive linear correlation with the amount of Fe in the patients with welder's pneumoconiosis (Fig. 2, C and G) .
Pathological examination and micro-PIXE analysis of patients exposed to coal dust. Lung samples of all six patients with coal miner's pneumoconiosis were subjected to pathological examination and PIXE analysis. Five of the six patients were positive by the polarizing microscopy test, and two of the six were positive for iron staining (Fig. 3A) . From 2-D elemental mapping, we identified the most abundant particulates in coal miner's pneumoconiosis as composed of Si, Al, K, and Ti, and the other two identified particulates contained Si, Al, and Ca or only Fe (Fig. 3, B and C) . We proposed that the inhaled particles were mainly from orthoclase (KAlSi 3 O 8 ) and anorthite (CaAl 2 Si 2 O 8 ), which are the two main ingredients of rock dust in the coal mines of China. The elements Al, Si, C, S, K, Ca, Ti, Fe, Cu, and Zn were found to be significantly increased in coal miner's pneumoconiosis compared with the control group, suggesting complexity in the composition of inhaled coal dust (Fig. 3D) . Carbon dust usually accumulates greatly in the lungs of patients with coal miner's pneumoconiosis. Our results suggested that carbon was much higher in coal miner's pneumoconiosis than the normal or welder's pneumoconiosis samples and was colocalized with Si, Al, Fe, and Ti (Fig. 3E) . In addition to carbon, the Si, Al, and Ti contents were especially higher in coal miners compared with welders (Fig. 3G ). Si and Al were highly correlated (r ϭ 0.86), indicating that aluminum silicate is another prevalent particulate deposited in the lungs of coal miners (Fig. 3F) .
Correlation of inhaled elements and smoking index with severity of fibrosis at the initial diagnosis. The severity of fibrosis for each lung biopsy was graded on a scale of zero to eight. Of the six welders, five were Grade 3 and only one was Grade 5. Of the six coal miners, one was Grade 3, two were Grade 4, two were Grade 5, and one was Grade 6. The concentrations of Al, Si, S, K, Ca, and Ti correlated with the severity of fibrosis (Fig. 4A ) with a coefficient of Ͼ0.6 (P Ͻ 0.05). C content was marginally correlated with fibrosis (r ϭ 0.549, P ϭ 0.065), and smoking index was not correlated with fibrosis in this cohort (r ϭ 0.114, P ϭ 0.724).
Radar charts of representative elements for each patient can
objectively discriminate exposure history. PIXE analysis provides an objective and full-scale elemental composition of the inhaled dust, and we can establish a radar chart of elements for each patient with pneumoconiosis. Using these radar charts, we determined that the dust inhaled by coal miners is composed predominantly of C, Si, Al, and Ti, whereas that inhaled by welders is composed mainly of Fe and Mn (Fig. 4B) . The radar chart provides objective evidence of inhaled dust composition, which gives quantitative exposure information to clinical physicians; this is especially important for patients whose occupational exposures are uncertain or mixed.
Development of an inhaled chemical element-based risk index to predict prognosis of pneumoconiosis. FEV1.0/FVC and %VC are sensitive indexes that reflect airway obstruction and fibrosis defects in patients with pneumoconiosis (22) . To evaluate which elements relate to the decreased FEV1.0/FVC and %VC values, multivariable linear regression was performed, using the inhaled element contents and smoking index as variables. As shown in Table 3 , Si content and smoking index were independently associated with the decrease of FEV1.0/FVC, whereas Si and Ti were independent factors for the decrease of %VC. These results suggest that Si and the smoking index contributed to the long-term decrease of FEV1.0/FVC, whereas Si and Ti contribute to the long-term decrease in %VC.
Inhaled particulates have different associations with airway inflammatory obstruction and pulmonary fibrosis because of their different chemophysiological characteristics. Utilizing the above multivariable linear regression, we established an elementbased model to predict the prognosis of pneumoconiosis, i.e., risk index ϭ 1.200E-4 ϫ Si ϩ 2.969E-4 ϫ Ti ϩ 4.142E-4 ϫ (smoking index). Coefficients were taken from the averages of variable coefficients in the linear regression equations for both FEV1.0/ FVC and %VC, and the equation was normalized to the 0 to 1 range. This risk index comprised of Si, Ti, and smoking index can predict the FEV1.0/FVC decrease of patients with pneumoconiosis (r 2 ϭ 0.86) as well as the decrease in %VC (r 2 ϭ 0.80) and %DL CO (r 2 ϭ 0.59) (Fig. 5) .
DISCUSSION
In China, the annual rate of occupational health surveillance covers only ϳ30% of workers exposed to dust. Aside from silicosis, coal miner's pneumoconiosis and welder's pneumoconiosis are the most prevalent occupational diseases in China. It is known that inhaled silica dust (SiO 2 ) is the cause of silicosis, but the inhaled dust involved in coal miner's pneumoconiosis and welder's pneumoconiosis is much more complicated.
Legal pneumoconiosis is identified by occupation and inhaled dust, which is not suggestive of pathological and clinical characteristics (12) . Dust-induced airway inflammatory obstruction and pulmonary fibrosis are the two major progressive symptoms for pneumoconiosis. In the view of physicians, pneumoconiosis may be clinicopathologically classified as either fibrotic or nonfibrotic. Sustained pulmonary fibrosis caused by fibrogenic inhaled dust can lead to progressive lung function impairment and eventually death for patients with pneumoconiosis (8) .
The elemental composition of inhaled dust has varied ability to lead to airway inflammation and pulmonary fibrosis (2).
Elemental analysis of inhaled particulates by micro-PIXE makes it possible to investigate the association of inhaled elements with the prognosis of pneumoconiosis. Taking advantage of micro-PIXE and lung function tests, we evaluated the relationship of inhaled elements with the prognosis of pneumoconiosis patients and found that Si and smoking index were independently related to FEV1.0/FVC decrease, whereas Si and Ti were related to %VC decrease. Of note is that Si was identified as an independent risk factor for both FEV1.0/FVC and %VC decrease in this study, suggesting its important role in the progress of pneumoconiosis. Recently, Cohen et al. (10) determined that inhaled silica and silicates are responsible for rapidly progressive pneumoconiosis in U.S. coal workers, which is consistent with our result.
Additionally, we developed a risk index comprised of Si, Ti, and smoking status to predict the prognosis of pneumoconiosis in China, which may help to determine appropriate medical care. In this risk index, smoking is a well-established cause of airway inflammatory obstruction (9); silica and aluminosilicate particulates are considered to be fibrogenic factors based on both animal models and clinical evidence, and titanium dioxide can induce lung inflammation (21) and fibrosis (3) in animal models. Although pure coal dust has been confirmed to cause lung disorder, we identified at least two other kinds of deposited dust in the lung biopsies of coal miners in China using the 2-D elemental mapping capability of PIXE. We speculated that these two kinds of dust were crystalline silica, registering simply as Si, and aluminum silicates, including KAlSi 3 O 8 (orthoclase) and CaAl 2 Si 2 O 8 (anorthite) from rock dust, detected as the combination of Si, Al, and K or Ca. It has been reported that coal dust in the mines in most provinces of China contains ϳ4 -10% silica (27) , and our data suggests that silica and aluminum silicate particulates cannot be neglected in the etiology and prognosis of coal miner's pneumoconiosis in China.
Two-dimensional elemental mapping of welder's pneumoconiosis suggests that deposited Fe and Mn were mostly concomitant in their lung samples, accompanied with sporadic silica. These particulates have been reported as the main components in welding fumes (16) . Inhaled manganese is of greater concern because it can cause damage to the central nervous system, lungs, liver, and kidneys. Male workers exposed to manganese also have a higher risk of fertility problems. Prolonged exposure to manganese may cause Parkinsonlike symptoms known as "manganism." Our results suggest that Mn deposition is as common as Fe in welder's pneumoconiosis, and greater attention should be given to this in its diagnosis and treatment. Notably, some welders may work in environments with silica dust contamination or be exposed to it from work in other occupations; this mixed inhaled silica dust can also be detected occasionally by micro-PIXE.
To illustrate the variety of dust exposures for single patients, we generated radar charts for each individual to indicate the inhaled elements and amounts, which can provide physicians with a visual and simple way to understand the exposure type and extent. In our study, welder's and coal miner's pneumoconiosis can be clearly discriminated by these radar charts. Currently, occupational exposure assessment in the diagnosis of pneumoconiosis depends mainly on occupational history certification, investigation of the occupation hygiene field, and self-reports. Sometimes, the reported dust exposures are subjective and one-sided, especially for the migrant workers, which account for a majority of the labor force in some Chinese areas. For those with uncertain or mixed exposures, micro-PIXE analysis or X-ray energy-dispersive spectrometry can provide objective and accurate assessment of exposures.
X-ray energy-dispersive spectrometry in scanning electron microscopes has been used for elemental analysis of biopsy samples. Micro-PIXE utilizes a proton microprobe instead of an electron microprobe to determine trace element composition and distribution. Because of the low bremsstrahlung background produced when high energy protons interact with a specimen, the sensitivity of micro-PIXE is nearly three orders of magnitude higher than that of electron-induced X-ray emission (23) . Addi- %VC, %vital capacity; FEV1.0/FVC, forced expiratory volume in the 1st second over forced vital capacity. *P Ͻ 0.05. tionally, the 3-MeV proton beam can penetrate a dozen micrometers beneath the surface of the specimen (29) , whereas an electron beam can only penetrate to below 2 m (28). Both elemental composition and the quantity of inhaled dust for each patient can be accurately determined by micro-PIXE.
Because of the complexity of inhaled particles, the longterm toxicity for inhaled dust is seldom evaluated precisely based on element composition. We evaluated chest radiographs and lung function (%VC, FEV1.0/FVC, and %DL CO ) at the 5-yr follow-up for Chinese patients with welder's and coal miner's pneumoconiosis and developed an element-based risk index for prediction of prognosis. It should be noted that this risk index reflects only the contributions of particles to prognosis. Other factors such as medical complications should also be considered in clinical practice. Although the chemical element-based risk index in this study needs to be validated in in larger clinical samples, it provides an approach for evaluating the contribution of inhaled elements to prognosis and may benefit medical care for the patients with pneumoconiosis.
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